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FOREWORD
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ABSTRACT

Methods are described for the measurement of total normal
omittance, in air, for temperatures up to 2500°F; for normal
spectral reflectance, in air, at low temperature; for wavelengths
from 0.30 to 25 microns and in air, at 10000F, from 1 to 25 mic-
rons. Results of this type are givea for twenty samples of dif-
ferent materials and the measured total emittances are generally
within 5% of values predicted from reflectance measurements.

Reflectances were also wmeasured as a functior c¢f &nj;le Zor
wavelengths of the order of 1 micron, to give abscrptances s a
function of angle of ipcidence that are useful in the appraisal
of solar irradiation.

& speciral emittance unit is described and the preliminary
results from it for samples at i4009F show general agreement with
the measured values of spectral reflectance.

PUBLICATION REVIEW
This report has been reviewed aad is approved.

FOR THE COMMANDER:

/ Wittebort

C/Chief, Thermophysics Branck
Physics Laboratory
Materials Central
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1.0 INTRODUCTION

To extend the amount of available information on the thermal ra-
diation properties of materials used in space applications, such pro-~
perties have been determined for a number of selected materials.
These have been determined in air, at atmospheric pressure, at room
and at elevated tomperatures, but they are applicable in other envi-

ronments provided there is no essential change in the surface from
that which was tested.

The primary results are total normal emittances at e:.:face tem-
peratures from S500°F to 25000F and spectral reflectances of cold
samples for wavei~ngths from 0.30 to 25 microns, aud wizh sawple tem-
peratures up to 1100°F for wavelengths from 1 to 25 microns, 7Tue
spectral results permit a calculation of total normal emittances, and
comparison with the measured total normzl emittances indicates that
this property should be predictable within 5% in the temperature range
from 500 to 3000°F from the spectral reflectance values.

Additional results are prescnted for the dependence of the re-
flectance on the angle of incidence, at wavelengths of the order of 1
micron, a characteristic that is particularly important in respect to
the absorption of solar radiation. Some spectral emittance results
are also presented in the wavelength range from 1 to 15 micromns, but
the scope of those results is limited because satisfactory operation
of the device for these determinations was substantially delayed. The

results that are presented support the measured values of the spectral
reflectance.

Because of the variety of definitions that are involved with
respect to the reflectance and emittance, these are first presented;
the section on definitions is followed by others devoted to the de-
scription of the systems used for the realization of the results., A
table in Section 7 defines the kind of results that were obtained for
each of the samples and this table indicates the location, in Section
13, of the dctailed results for each. Sections 8 to 12 are commen-
taries on various features of the results; Section 11 refers specifi-
cally to the plastic samples, for whichk only limited results were ob-
tained. These materials are of high thermal resistance, making the
precise determination of surface temperature impossible in those in-
stances of measurement when a high heat flux existed through the sam-

ple. This proved to be a major impediment in determining satisfactory
results for plastics.

Manuscript released for publication 3 October 1960 as a WADD
Tachnical Report.
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2,0 DEFINITIONS AND ANALYSES

Despite the relative standardization of the definitions of re-
flectance and emittance, enough ambiguity remains to make it corven-
ient to restate these definitions. They are given in as general a
way &S possible, beginning with the reflectance in a prescribed dir-
ection for irradiation at a specified angle of incidence, though this
reflectance was not measured in the experimental work described in
the report. All relations here and in the remainder of the rernort
are for monochromatic radiation unless they are specifically qualified
as being for total radiation.

2.1 Reflectaqgg

We consider the irradiation of & material of area A, by a black

surface of area A , which is pnormal to the length r connecting the
areas, and which leugth is at an angle # with respect to the normal
to area A, . For A and A, both small, the irradiation is

E AA,

?T-—COS 2

and per unit area of A, and per

unit solid angle AA/r? it is Ews ¢. Vv, l
&

This irradiation is in part re-
flected, and in general the reflec-
tion is distributed in an arbitrary
way over the entire nemisphere above
the surface. 1In the direction/u,;é ~ee
[the azimuthal angle ¥  is méasured (\
from the plane of the incident rz- .
diation], the intensity of the re- v
flection is R, ,.¢ , and a reflec- SAMPLE PLANE
tion coefficient can be defined as

Ruy:#

2.1.1
E ¢

r}h?:¢ =

Figure 1,

This is similar to the coefficient defined by Manchsl%ho, however,
multiplied by 21 the right side of Equation 2.1.1,

¥ADD TR 60-~370 2




The total reflected radiation is obtained by integrating the in-
tensity of the reflection over the 27T steradians of solid angle over
surface A,

Rg = flﬁ?/,,,w dfl 2.1.2

This is the reflection that is measured by an integrating sphere when
the sample is irradiated in a prescribed direction, ¢ . aad it is
convenient to define a reflection cocefficient as:

r, =2?£§2_ 2.1.3
Zeos g
This is the limit to which the definitions may be carried with-
out some specification of the nature of the reflection. In this sense

it is important to consider it in terms of two common definitions, of
specular and diffuse reflection. In specular reflection the intensity

Vs é is zero everywhere except at «#:=¢ ,¥ -7 , so that R4 is
same as /?‘;,7,,,.,; ; there is then no distinction between /g and
. According to electromagaetic theory all smooth surfaces

//:"ffd
are specular reflectors.

)
the

Diffuse reflection, also specified as reflection from a "matt
surface"”, postulates that the intensity of the reflection follows

Lambert's Law, @,,)%.,; = ;g cos s , So that Equation 2.1.1 be-
comes
= g ces
/rd’%‘¢ ﬂ’ 20 104

The results of Eckert(2) and of Manch(l) indicate that this is a poor
approximation to most surfaces of engineering interest.

Because there are a number of {echnical applications, particu-
larly in reflectance measurements, in which the sample is irradiated
diffusely and the reflection measured only in the direction _« , ¥
the equations are presented for this special case. The reflected in-
tensity that is observed is

raid
R/u,y -'-'] L’q’yj¢ 'T% casgb dn. 2.1.5
(=]

But because of the uniformity of the irradiation with respect to
azimuthal angle ¢ ihe intensity R/’y is the same for all azimuthal

WADD TR 60-~370 3




angles, as is svident by expansion of Equation 2.1.5 to the form
,é 27
= ‘—f/,u,w cos ¢ sing dv dg

A more compact form is possible by defining a reflectance

R

Yo = ['}mv dy

A raflectance is often defined for this kind of measurement

as the ratio of the intensity R, to that of the irradiation in
tha ~pwy direction

/2
r = Ru - ! fr}”ﬁ Cos¢5}nq§d¢ 2.1.6
P

’ £ co
”COS/J 5,“

For a specular reflector, of course, I}, = I 4.4 , and for a diffuse
reflector 5,4 =2Lecesu | The latter case produces no essential
simplification of Equation 2.1.6 unles I, happens to be constant,

in which case integration is possible, to yield Cp¢ R ry also a
constant.

2.2 Absorption and Emmission

For an opaque material, the radiation that is not reflected is
absorbed, so that (/- ty) is the fraction 2f the irradiation incident
at angle ¢ that is absorbed. VWhen the irradiation is received from
a diffuse black body the hemispherical absorptivity is

T

ol = ;r’-ﬁ/—r;,)c'owdn 2.2.1
(2]

¥hzn the sample is at the temperature of the source of “he irradia-
t.on then total absorbed energy must be emitted as € £, ., A state-
ment of Kirchhoff's Law for the total radiation is

ol: = €; 2.2.2

WADD TR 60-370 4




And on a monochromatic basis this is

fo<EdA = féEdA

Since o« and € depend on A , and E depends on A and T , the
applicability of Kirchhoff's Law requires that x =€ ,

As in the case of tne reflectance, an emittance can »e defined as
the ratio of the intensity cf the emission to that of a Llack body at
the same temperalure in the same direction

20
I i
,5/,.:;“5/“ ) €= -,-,-j Eu COSp df] 2.2.3

o

where symmetry about the normal has been assumed.

In terms of this definition, and the reflectance Iy for diffuse
irradiation, the intensity of the radiosity of the surface at any point
can be stated as

Ep o cos,u + r‘,,ET- Cosps

Then, if the radiosity is always to be equal to that of a black body,
we must have

6;u t T = l 2.2.4

The reflectance u is the oane that can be measuied with diffuse
irradiation, as it is defined by Equation 2.1.6. The other reflect-
ances defined in Section 2.1, however, can be related to T, and
hence to €4 only within the restriction of additional assumptions.
With specular reflectors, uy.¢ =Tg = I so that the emittance 6
is determined by ry with angle ¢ equal to angle & . If the sur-
face is a diffuse reflector, and if rg is independent of angle, then
fu=TIg , constant and thean €u 1is also constant, Lambert's Law is
thus ohtained for the ausgular distribution of emission.

WADD TR 60-370 5




3.0 SPECTRAL REFLECTANCE DETERMINATIONS

Spectral rcflectances are of value for the deduction of the ab-
sorptance and of the emittance, and the usefulness of a particular
technique hinges largely upon the degree to which the reflectance
measurements that are obtained can be used to deduce these desired
values. In the present work two methods were used, a heated cavity
system providing hemispherical irradiatiion which was approximately
diffuse, and integrating spheres in which was measured the total re-
flection from an incident beam of monochromatic energy. 1In or2 of
these spheres there was provision for variation of the angle of inci-
dence. As indicated in the definitions of the previous section, it is
from the heated cavity system that an cmittance may be most directly
deduced, butr he heating requirements are such tnat the minimum userul
wavelength for that system is of the order of 1 micron, sc ".at the
sphere, with a more uncertain indication, 1is needed tc extend the
range tc shorter wavolengths., Since the cavity system was used from
1l to 25 macrons, and reflectances were measured with a sphere in the
range from 0.3 to 2.7 microns, there is a substantial overlap in the
two kinds of results that should assist in their discrimination. But
these two kinds of reflestance are random enough in the various samples
so that there is produced no experimental appraisal of their simi-
larity or difference.

3.1 The Heated Cavity System

This system has 2s its essential element a heated cavity which is
nearly isothermal. The method which permits the determination of re-
flectivity in the region 1.0 to 25 mi?rgns, was developed by Gier and
Dunkle and has been described by Gier 3). Thermal energy from the
cavity walls irradiates a 7/8" disk
held in a water or air cooled samp'e

holder at the inner surface of the H,0 OR AIR
cavity. The external optics are so REFERENCE // SAMPLE
arranged that a 3/8" diameter center Ta Ts

section of the sample is viewed at
79 to its normal. This energy is
chopped and focused on the inlet
slits of the Perkin-Elmer Model 83
monochromator, detected therein with
a vacuum thermocouple, with the
thermocouple output amplified by a
Perkin-Elmer Model 107 amplifier and
displayed on a Brown potentiometer
indicator. By physically tilting
the cavity the image of a similar /]
area in the reference region can be Tu
placed on the monochromator inlet
slits.

0000 0000

Q0 00000000

(2]
]
Q
o

?O o]
\-HEATER
ELEMENT

Lo

Figure 2.-Tilting Cavity System
¥ADD TR 60-370 6




When the sight is on the sample, the intensity observed is, per
unit area of sample

Gy + €uE,

Here (;H is the presumed diffuse irradiation of the sample, which is
realized except for non-uniformity of the radiosity of the cavity
walls and the area of the observation port at the bottom of the cavity.
The maximum observed temperature difference in the cavitg, occurring
during the use of the water cooled sample holder, was 15°F between the
relatively uniform temperature of the sides and bottom ox the crvity,
hereafter assumed to be uniforwm at Ty , and tle lower temperature Ti ’
of the reference area., The area of the cavity opening produced an
angle factor of 0.02 at the sample, resulting in a slightly high esti-
mated value for Gy . This error does not exist for a purely specular
sample since all of the viewed energy for this case originates from u
small area at the hottom of the cavity.

When the sight is on the reference the intensity observed is
Gulu=€uEp . This area is heavily oxidized nickel, giving & high
value for €4 , tnus the results are ultimately appraised as though
€u=l 1r,=0 ', though actually when Ty > Tq the radiosity of this sur-
face is a littlie higher than the estimate that is used.

The detector output is a linear function of the observed inten-
sity, and the system constants, including amplifier gain, path attenua-
tion, etc., are combined into a constant K . The detector output when
viewing the reference is then:

Sa =K(GRER + reGy - Ec) 3.1.1

(Here the subscript As , indicating the naturc of € and r is de-
leted and the distinguishing subscripts on G y I , etec, refer to the
reference, cavity, and sample. Subscript C refers to che chopper
blade which is viewed by the monochromator when it obscures the cavity
during the chopping process.) VWhen viewing the sample the output is

5 =K [@GH + (-R)E, - l:c] 3.1-2

WADD TR 60-370 7




B_ B:_EH_EC
\ Eq— Ec
i.2 \
LN Tp= 530°F
\- T = 1448°F
— — Tg = 1920°F
i.0
0O 2 4 6 8 10 12 14 |6 18 20 22
A~ MICRONS
N -] ____,L,_._—-Jv—-
§ Es- E¢ xsﬂﬂi-—""
051 ¥==—
H™ Ec N
0.4 > '
0.3 7 Ts=693l""’"“
) —
/ 7
0.2 ///'
// // TS=300°F
0.1 / 7 P s B T = 70°F
_— _ o
O 2 4 6 8 10 12 14 16 18 20 22
A - MICRONS

Figure 3. ~ Wavelength dependence of functions
used in computing reflectance results.
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where |- = €g has been taken in accordance with Eqguations 2.2.4
and 2.1.6. Combination of Equations 3.1.) and 3.1.2 eliminates the
constant K of the response of the over-all system and the resulting
ratio Sy@, is considered in terms of further assumptions necessary
to the evaluation of the reflectance. These involve the assumption
that the emittance of the reference arsa is unity, so that its radio-
sity is Ea , and that the emittance of the rest of the cavity is also
unity, making its radiosity, and consequently the irradiation of the
sample, eg:al to Ey . With these assumptions the response ratio be-

comes :
Ss _ wEwr(i-B)Es-Ee 3.1.3

Sw Es-Ec

¥With the water cooled sample helder, the emission from the sample
is much less than its irradiation from the cavity, E¢<< Ew. Though the
sample temperature is not measured in cold rumns, it is easily shown %o
be of the order of that of the surroundings, so that Ea- E. . Then
Equation 3.1.3 becomes:

Ss _pEu-Be 3.1.4
SR ‘ER"EC rsﬁ

Actually the roeflectance I is evaluated as 5}/ , Which assumes
Euw=Er , and then the contribution of the factor ‘" Ew-Ec)/ge-Ec)
is considered in an error analysis, Figure 3 indicates the magnftude
of the ratio (Eu-Eg»«Eu.Eg for conditions more sazvere than
typical, with the cavity at 14500F and the reference area at 1420°F.
The error is seen to be significant at short wavelengths. When it ex-

ceeded 2% the results were evaluated accordiig to Eguation 3.1.4.

To obtain results at elevated sample temperatures the water cooled
sample holder was replaced by the air coolad sample holder, the essen-
tial aspects of which are shownin Figure 4. By restriciion of the air
supply, high sample temperatures could be obtained; the determination
of the sample temperature became necessary for evaluation of the experi-
mental results.

These temperatures were obtaiued by means of a thermocoupie which
was welded to the back of the saazpls disk, with the wires removed from
the holder through tube fittings provided for them. The sample emit-
tnnce was evaluated from the obcerved temperature Tg with Equation
3.1.3 then giving the reflectance of the sample as

r_: is_ gR'Ec. 4+ EG“ES
s S { Eu-Eg Eu-Eg

WADD TR 60-370 9




AIR-OUT
AIR=IN
or with /g = gilg"‘_.. 1
EF‘E}
and K( = _E_S" EC
Eu-Ee
we have r-éi-L-X" U
S = ,_,SR ‘8 SAMPLE '"\'-L“"‘i-‘j
[ - ] .
HOLDING NUT
The calculation ot the quan-
jes 4 and ) _is aided by 2 Figure 4.-Air Cooled Sampie Holder

tit
tabulation of %T’as a function of
AT , where tables maybe compiled in the form of a tunction

Con) = 5

¢y
Using Planck's equation E = W for tabulation of the
required values, then e “')

&
Xt= S-_S_G';:)' Ce

e —r—————.

CuEY- e

Less apparent than the labor of calculating thc results but more
important for their appraisal is the loss of sensitivity of the de-
tector to the reflected energy as the sample temperature becomes high.
The major part of the detector output is then due to emission trom the
sample. Therefore errors in the measurement of the sample temperature
and of the difference between 75 and 7 become of greater signifi-
cance as the temperature of the sample increases. Figure 5 presents
the error 41 for typical operating conditions, with a sample tempera-
ture of 1000°F, and stows the effect of & 200F error in the sample tem-
perature.

For the same corditions, Figure 6 presents the effect of differ-
ences between 7;@ and 7, , with a 109F difference being the basis o7

WADD TR 60~370 19
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the presentation. This indicates the error due to the assumption of
=/ 1in the calculations, though actually the temperature difference
was usually less than 10°F and the reduced error cam be obtained pro-
portionately from Figure 6. In any case the calculation of the re~-
flectance from Nquation 3.1.4 is used only where Figures 5 and 6 in-

dicate that a specific error computation is nrecessary to obtain satis-
factory results.

3.2 Beckaan Spectroreflectometer

For short wavelengths, from 0.3 to 2,7 microns, reilectance data
vere obtained from a standard Beckman DK2 spectromecer with a spectru-
reflectance attachment. This is a comparison type integratin; —=vhere
device in which, in normal observation, the sa-ple and reference are
irradiated with a beam of monochromatic energy at an angle of 4° to the
normal. The instrument is ratiu-rscording so that the output record is
the ratio of the reflectance of the sample to that of a smoked magne-
sium oxide reference surface, the measured reflectance being t¢y as
defined by Equation 2.1.23 Reversed operation is possible, with total
irradistion ifrom a iuminous source being directed into the sphere at
the normal detector location and the detector located in the normal
lamp position. The irradiation is then approximately diffuse, but this
is rendered uncertain by the high energy reguirements in this mode of
operation. In practice, a photoflood lamp was used at the detector
port, and at least that region had a radiosity in excess of the re-
mainder of the sphere. With this operation the reflectance that is
measured approximates I, , Equation 2.1.6, with the instrumeat actu-
ally indicating the ratio of the standard and sample reflectances. The
detection is monochromatic, as the reflected energy passes through the
spectrometer toward the detector.

Figure 7 shows two reflectance ratios for a sample judged to be
reasonably diffuse, for both modes of operation. There is 1little dif-
ference, and such Lehavior was typical for most samples., This is sur-
prising since in theory f3p and |y , #==4’ would be equal only if
the reflection were specular or if it were diffuse with a rerlectance

ts independent of angle of incidence.

Reflectance ratios were trapnzlated to reflectances by adopting a
standard for the reflectance of the Mg(Q reference, which was smoked to
a thickness of 1/8 inch. Figure 8 shows some of the available data for
the reflectance of MgO. with an indication of the reflectance adopted
for the interpretation of the results in this report.

Because the response of ths sphere is sensitive to the geometrical
nature of the reflecticn [i.e., to I, 4,2 ], additional partial cor-
rections are necessary wbkon the geone rical distribution of this re-
flectance differs in the referonce and in the sample., Neglecting the
holes in the sphere and the absorption by the detector, the response of
the datector to irradiation by flux W of the presumably diffuse refer-
ence is
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Wi e s

DETECTCR AT
TOP OF SPHERE

where I3 is the reflectance of the SPHERE

reference ard 1, 1s the reflectance
of the presumably diffuse Mg0 on the
sphere wall. This was approximately \ZN“

REFERENCE

1/16 inch thick, deposited electro- \\\t‘iff‘
statically by the method of Waldron G

and Tellex(4), Here the tactor[+Zz) 2

will be alterc: if the openings in - SAMPLE
the sphir? are accounted for fsee

Jacquez(®)] and the equivalent factox

can be evaluated on the assumption cf
difiuse reflection in all reflectionms.
¥hen so determined, this factor is
often called the sphere efficacy. For
a diffuse sample, the irradiation of
the detector, appraised as above,

will be proportional to Figure 9.-Beckman DK2 Sphere

\A/l’, [TLLT’-J 3.2.2

and then the ratio of the detector readings wiil be n//n .

If, however, the sample is not a diffuse reflecticr, the response
is altered in a way that is in part clarified by the limiting c2se of
a specular reflector. Then none of the first reflection falls on the
detector but all is incident on the sphere wall (actually in the region
between the two inlet ports). There it is diffusely reflected and from
there on the actiiu of the sphere is as though this energy had been dif~

fusely reflected originally. In this case the detector irradiation is
proportional to

Wt;r; [T?j'r‘] 3.2.3

end the recorded ratio is GE/@; . This is not exactly {true hecause the
energy loss through the apertures occurs on the first and later reflec-
tions from the reference, but only on the second wall reflection of the
energy initially reiiected from the sample. The differcnce is small

however, and the sphere efficacy has been assumed to be the same in
both cases.
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Shields coated with MgO were used at the detector location in an
attempt to eliminate the first reflection from the reference and thus,
while reducing the over-all sphere efficacy, to produce a proportional

response for both the sample and reference.

While the use of these

shields tended to increase the measured reflectance of highly specular

samples the results were still less

Suppose now that the sample is
that the ireflected energy is wholly
of the first reflection impinges on
tend to be like that for a specular
occupy 4% of the sphere area within
stantial fracticn of the reflection

than known values.

neither specular nor diffuse but

in the region 0 to 30°, Then aocne
the detector and the response would
sample, except that th: inlet ports
the 0 to 30° limit. ‘Thus a sub-
will be lost entirely and what re-

mains will producs a detector response like that indicated tor .. specu-
lar sample. Unfortunately, not enough is known about the nature of the
reflectance {j,y;¢ to permit an appraisal of this possible effect. It
is clear, however, that with a truly diffuse reflector used as a ref-
erence, (and the MgO is presumably diffuse, though there is remarkably
little evidence availahle for this) the response ratio wilil always be
less than the retlectance of the sample.

Other sources of error are also possible in the operation of the
sphere when a sample has a surface which is grooved in a given direc-
tion. It is possible to orient such a sample with respect to the de-
tector such that a strong or weak first reflection strikes the detector.
This effect was particularly noted when plastic laminated samples were
run, since the fibers in these samples tended to have a preferred spec-
ular direction.

Another source of error arises in the operating technique used
with the DK2 spectrometer. In setting a zero energy level by use of a
shutter on the sample beam, care must be used to be sure that the shut-
ter completely blocks the incident beam, Stops were used by the manu-
facturer to provide a fixed position of the shutter when zeroing, how-
ever, the stops were slightly out of position allowing approximately 3%
of the energy to enter the sphere. This can result in the use of an
erroneous scale expansion for the following run, and operating proce-
dures were initiated to avoid this sourcc of error.

The proper ratio amplification of the detector output depends
considerably upon the correct phasing of mechanical breaker points
which limit the duration of the signal received from the reference and
sample excitation of the deteztor at the amplifier. The breaker points
in question are subject to vibration and wear, and as a recsult their
phasing must be subjected to frequent verification.

There must be additional effects that contribute to the uncer-
tainty of the reflectance indicated by the Beckman system, and Figure
10 demonstrates the combination of such effects and similar cnes that
may exist in the spher¢ described in Section 3.3. Reflectance values
on typical materials are presented as obtained from the Beckman upit
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and irom the sphere described in Section 3.3, both of which measured
I's » with ¢ close to zero, and from the heated cavity, which meas-
ured i; sy with M close to zero,

The polished copper is a specular reflector, and the resulis ob-
tained from the variable angle sphere, that is described in Section
3.3, are in good agreement with values found by Betz 5), though this
agreement is not shown on the Figure. The values obtained from the
Beckman unit have been adjusted for the reflectance of the sphere wall.
The wall reflectance was determined from an aluminum disk which was
coated with magnesium oxide to about the same thickness as the Beck-
man sphere wall. These reflectances, deduced in this 'way from the in-
dication of the Beckman reilectometer, are lower than those found from
the variahle -~.ugle sphere. The results from the cavity excerd slightiy
those from the sphere.

Lover veflectances are again indicated for the Beckman unit ror the
stainless Steel, for which the Beckman results were also treated as
though the sample were specular. Closer correspondence is obtained for
the plastic F120, but with the boron carbide, treated as diffuse, the
results for the Beckman unit are again below those of the sphere., With
this poor and relatively diffuse reflector, there is no clua to the
large ratio of the reflectances indicated trom the two units.

The conclusion that may be drawn from the prcsentation of Figure 10
is one of aa uncertainty in the measured reflectance which is of the
order of 0.05 in the reflectance, with the DK2 results tending to be
lower than the others. This must be borne in mind in considering the
results where the DK2 values are given, that device being used because
of its speed in accommodating the large number of samples involved.

3.3 Integrating Sphere for Variable Incidence

Reflectances 4 , at variable angie of incidence ¢ , were ub-
tained from a separate sphere which received spectral energy from the
Perkin Elmer monochromator. Detection was by lead sulfide and pho-
tomultiplier detectors, and the detectcr output was sensed by the Perkin
Elmer 107 ampli fier, as used in the heated cavity system, Variable
incidence was achieved by mounting the sample and the reference on a
rotatable holder at the center of the sphere as indicated in Figure 11,
so that verious angles of incidence could be obtained. When either
sample or reference was exposed, the other was contained within a hous-
ing, so that the sphere operated as a substitution sphere. The pres-
ence of the sample holder complicates the algebraic appraisal of the
sphere cperation, but since the holder was coated with XgO a qualita-
tive consideration indicates that the sphere efficacy should not be
much different than it would be for the same sphere withcut the holder.

In this sphere, with epergy rate W of the sample or of the ref-
erence, with the geometric nature of the reflection from each being the
same, the irradiation of the detector is proportional to
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Wrr [Fx] 3.5.1

where % is the reflectance of the presumably diffuse sphere wall and

s the reflectance of the sample. The ratio of the detector output
for sample and reference is consequently the ratio of the reflectances,
except for a small change in sphere efficacy when the sample and ref-
erence are interchanged, a change considered to be negligible in the
interpretation of the results,

When the geometrical nature of the reflectance is zot the same for
the sample and for the reference then +here avise difficultier vest
illustrated by the consideration of a specular sample. Wwhen the angle
of incidence is of the order of 45° the sample holde» eclipses from the
detector the first reflection VJ[;[; , though the major partof this
reflection is incident un the sphere walls and the intercepted part is
reflected again to them., Thus, when the shadowing occurs the detector
irradiation is

\/\/Czﬁ [‘_:Lr:] 3.3.2

and the ratio of the response in this condition to that for the MgO
reference is it /. , where [, is the reflectance of the sphere
walls. This lower value occurs with specular samples for angles of
incidence from 41 to 54°, It could be eliminated by movement of the
detector to a position immediatcly below the sample holder, but this
modification will not completely ameliorate the difficulty associated
with specular reflectors. The wall coating is apparently not a suf-
ficiently diffuse reflector to eliminate a.. effect due to the position
of the bright spot on the sphere caused by the first reflection. As
spot location changes, the irradiation of the detector from the first
reflection on the sphere wall apparently changes, introducing slight
additioral errors which depend on the angle of incidence.

With the unit as described, reflectances Iy were obtained for

50<$ < 80°, the latter limit imposed by the situation in which the in-
cident energy iully covered the sample.
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4,0 TOTAL NORMAL EMITIANCE

The determination of the total normal emittance was made with
samples in air, heated from the back, with sample temperatures meas-
ured with thermocouples. The radiation was detected with a calibrated
radiometer, the view of which was limited by shields to a small angle
factor at normal incidence. The respoase of the thermopile detector
then gave the part of the radiation of the detector that was due to the
observed sample area &s

THERMCUGUPLE
~ e\ w7\ ,
Gz KV~ s
5AMPLE
Here K is the instrument constant SHIELDS
as determined by calibration, V, //// \\\\
the voltage output of the thermo-

pile when observing the sample, |}
the thermopile output when observing
a black shield at the temperature of

the shields and surroundings.
RADIOMETER

The irradiation of the receiver
strip by the sample is

4
F:s €'~r o ‘Ts Figure 12

where Fi, is the shape factor of the sample area with respect to the
radiometer strip. The emittance €, is consequently determined as

K V.-V
€T-_.§_Tr_4. 4.0.1

Fis &

The need for a precise determination of the surface temperature
ostablishes classes of materials for which the emittance can be deter-
mined with reasonable confidence. Good results are obtainable with
metals, which are good conductors ani to which thermocouple wires can
be attached by welding without radical alteration of the surface. With
coated metals the situation is less satisfactory, due both to difficulty

in affixing the thermocouple wires and to possible thermal resistance ’n
the coating itself,
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Finally, the technique of heating the sample from the back causes
almost insurmounteble difficulties with plastics, with which the tem-
perature variation through the sample becomes enormous, in consequence
of which sufficiently precise determination of the surface temperature
is almost impossible. For this reason, the results for all the plastics
are treated separately in Section 11,

Two back heated units were used in the present program. An elec-
tric furnace heating unit provided sample temperatures up to 1750°F and
a gas heated unit provided for temperatures up to 2500¢f, Both produced
heating at the top of the sample, with the test suriace facing downward.

4.1 Electrically Heated Unit

The electrically heated unit cousists of a small electric furnace,
6" x 6" x 14" interior dimensions, mounted with the furnace door re-
movad and open side downward. A hinged sample holding door holds 6" x
6" samples aguinst the furnace opening, The 30" height between the fur-
nace bottom and the floor is screened but not sealed to prevent dvsftis.
A swinging door on one side enables the introduction of the radiometer
snd shield assembly on tracks provided for it. Radiometer reference
readings are taken outside the enclosure and the radiometer is placed
under the furnace only for the brief reading period.

The radiometer shields are made of aluminum sheets painted black
on the inside. They are conical in shape with cone opening angle of
459 and 2n opening provided at the top of the cone to produce the de-
sired shape factor. For the electric stand two sets of cones were used
t0 provide shape factors which would 1limit the total emergy to a de-
sired magimum value over the full range of temperatures. For operation
from 300° to 1200°F the shape factor usvd was 0,00776 and for 1200°F to
1700°F the shape factor was 0,00308, In low and high temperature opera-
tion, the area sighted was 2-7/8" and 2" respectively, with the top of
the conical shields 2-5/8" from the sample with the shields of large
angle factor and 3-5/8" from the sample with the shields giving a low
factor.

The maximum sample tewperature is limited by the emissivity of the
sample and the maximum allowable furnmace temperature, the latter being
of the order of 2000°F,

4.2 Gas Heated Unit

A gas heated unit, actually intended initially as a prototype for
a refined unit which ultimately wes not built, was used for sample heat-
ing with hot gas from an oxyacetylene flame produced by a multiport
buraer. The burner usud was a Victor 12ML heating torch head. Convec-
tion heating of this type enables the attainment of somewhat higher
temperatures, but involves difficulties in the spatial variation of the
heat transfer coefficient, very high gas temperatures near the =ample.
and hot gas disposal. Because »f the latter and the crude form of the
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apparatus, oparation was in an outdoor location.

Figure 13 shows schematically the nature of the unit. The sample
lays upon a formed cylinder of castable ceramic, (Norton Alundum 33I),
which in turn is supported by a water cooled table. The hot gas from
the torch is confined by surrounding ceramic sections and exhausts
around the edge of the cylinder just above fhe location of the sample.
Thus the hot gas circulation is exclusively produced by the aspirating
affect of the burner itself; in general this was insufficient to avoid
the effect of wind pressure in changing slightly the directiom £2ad
magnitude of tho total gas flow rate. Despite the use of shields
around the unit, small but significant changes of ssmole tsmperature
~ecurred in the pragence of slight gustes of wind.

Exceptionally uniform distribu&ions of sample temperatuy were
realized at temperatures below 2500 F. Observation of the sample face
with an optical pyrometer indicated uniformity to within 5°F, even with
metallic samples as <hin as 0.013 inches, in which substantial equali-
zatior of temperatures by conduction effects would not be expected.

Shields were placed below the sample to eliminate spurious ra-
diation and reflection from the supporting ceraaic, and to define the
shape factor for the radiometer. These were usually placed so that
the shape factor was 0.000609 and the sample area viewed by the radi-
ometer was & circle 1-3/4" ir diameter. An alignment bar registering
on the two shields was used to locate the radiometer. The bottom
shield defined the shape factor, and the primary function of the top
shield was the elimination of any direct radiation to the inside of
the bottom shield and from the sides of the ceramic holder to the
sample itself. The sffectiveness of this latter protection depended
on the closeness of the top shield to the sample; this was subject to
variation from the design specification by deformation of the sample
during heating. The gap from the top shield to the sample was of the
order 1/8 to 1/4 inches, producing a shape factor from sample to gap of
0.06, with a consequent maximum error of F(y_e,pé'in the observed
emittance. Since the emittance of the mcterials ‘was large, this error
was not of great consequence.

The shields are water ccoled, with inlet near the top ring and
outlet below. Some details are apparent in Figure 13,

4.3 Radiometer

Measurements were made with total directional radiometers of the
Gier-Dunkle type, described by Gier(7), calibrated sgainst cavities at
temperatures of shout 1200°¢ and 700°F, and with a check on a stand-
erd sample at 300°F., The staudard sample used was a surface grooved
brass plate, painted vn the viewed surface with a diifuse black paint
resulting in a plate emittance of 0.97 at 300°F. These deterninations,
made at various angle factors, were reduced to a radiometer consztant

K-=\A474h\/ » Which was genarally consistent to 1.5%. These
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radiometers, while affording direct impingement of the radiation on
the raceiver strip, suffer from an inherently large shape factor to
the surroundings of 0,0352, which is necessary because of the length
of the receiver strip itseli. Thus, in operation, th2 receiver strip
sees much area external to the radiometer itself, and careful shield-
ing is required. However,.the possibility of stray irradiation is
still large, and for high temperature applications a focussing instru-
ment is in many ways an advantage. The forte or the type of instru-~
ment used is in its high response in the low temperature range.

4.4 Thermocouple Installation

The cruclal element in emittance measuremery is the determinaiiou
cf tihe suriace temperature, and here a major problem is the --lation
of the detector indication to the avzrage tomperature of the area
viewed by the radiometer. With metallic samples, thermocouples were
welded tc the surface, each wire separately. For f%emreratures below
20009F, 30 gage chromel-alumel couples were used, with duplex asbestos
and glass insulation., Details of the thermocouple attachment are
shown in Figure 14. The part of the viewed area actually covered by
wire was less than 0.2% of the total viewed by the radiometer in the
electrically heated stand.

At the higher temperatures
associated with operation in the
gas fired unit, 30 gage platinum-
platinum~10% rhodium thermocouples
were used. These were welded to
metallic samples and were held near
the viewed surface. With this THERMOCOUPLE
technique approximately 0.3% of the WIRE
viewed area was occupied by wire SL‘“‘iggyszszanftzzmz”
or cement. Reference junctions WELD
were located away from the heated
area, with chromel-alumel couples

.ocd to establish the reference i

; 8|
unction temperatures.
J P \‘1‘?:.==-=:¢<':-?;
An alternative scheme involved - L
bringing the bare wires from the
viewed surface through a hole in SAMPLE, VIEWED SIDE
the sample plate, 1/4 inch from
the point of their attachment, then
along the back of the sample, pro-
tecting them there with Norton 1139
aiundum cement and using the cement
around the hole in an attempt to
prevent thermocouple shorting. The
effectiveness of the latter proce-
dure was not conclusive and the
entire arrangement was short lived, Figure 14,

WADD TR 60-370 26




-

for the cement, projecting into the hot gas stream, was soon ablated

by it. When the thermocouple wire was exposed it immediately melted.
One test, made with a dual installation of couples, with leads passing
out the front and the back, indicated a 10 to 25°F excess temperature
for the couple passing out the back of the sample, If this difference
is appraised as solely due to the nature of the thermocouple instal-
lation, assuming no shorts in the leads passing through thc plate and
out the back, it indicates a + 5% uncertainty in the ueasured emittance.

Temneratures were obtained from the thermocouple response bv means
of the standard Leeds and Northrup calibration tables so that inaccu-
racy in the calibration is absorbed as an error into the amittance de-
termination. Aging of the wires, involving a change in calibration
with time of use¢ is a factor in this regard, and the tubie presents
some typical results where the standard is a platinum-platinv. -10%
rhodium thermocouple having a Bureau of Stanuards calibration.

Calibration Errors is Typical Thermocouple
Installations after 4 Hours at 1900°F

Indication is
Thermocouple low by °F

Chronmel~Alumel

welded junction 13
welded to tab of Inconel 4

Platinum-Platinum-10% Rhodium

welded junction 7
welded to tab of Inconel 5

The thermocouple response decreases with age so that the apparent
temperature is below the true vslue. Differences of the type shown in
the table would lead to errors of 2-1/2% in the emittance at 2000°F.

Thermocouples could not be attached securely to the plastic saw-
ples and the technique employed for them is indicated in Section 11.1.
Certain of the metal)lic samples (coated Molybdenum) did not permit
attachment of the thermocouples by welding. Welds, if made, would de-
teriorate; separation of the wires ultimately occurred because of poor
weldability or because of oxidation of the base metal. As an alter-
nate, pressure type therxocouples werz applied, being made of 20 gage
chromel-alugel wires sharpsned to conical tips having a core opening
angle of 17° with a tip ,007" in diameter, Analytical estimates in-
dicate that the temperature of the cont-ct area should be near that of
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the surface provided that there is negligibile thermal resistance gt

that interface. But electrical continuity is &chievable while a sub-
Stantial thermal contact resistance mAy rewmain, Thus, the tenperature
indicated will increase as the force on the thermocouple prongs is in-
creased, which reduces the thermal resistance, When the techniqus was
used with an Incopel Sample at 1500°F, the prong thermocounle indicates
& temparature 10°F less than did the welcag “ouple. With Cb coated with
Al-Cr-Si at 1000°F, the difference was 230%F, due Apparently to the dif-
ferent coating that existed on the surface of tia waterial, The prong
thermocouple ag applied in thig instance was not viewed with coufidence,
and total emittance results are not quoted “or the Cb coated with A).-
Cr-Si, Cb coated with Al-Si, and the PFRS samples, except partially
vhere the welded thermocoupile *piired to give Toasonable results.
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5.0 SPECTRAL EMITTANCE

Measurements of normal spectral emittance were made with a system
composed of a heated cavity, a small electric furnace for heating the
sample, and the optics necessary to focus energy from the sample and
from the cavity onto the inlet slits of the monochromator. This device
was put inteo operation late in the program and the results obtained
from it are limited. Thus, they are regarded as preliminsry and are
given in this section to demonstrate their nature rather than being in-
cluded in Section 13 with the other final results.

Figure 15 illustrates schematically the nature of the device, by
which energy alternately from the cavity aud from the sample could
anter the morocn:sumator system through the diaphragm and the cbopper.
The general operation of this unit is similar to the tilting cavaty of
the reflectance system except that the tiltipg mirror supplants the
movement of the cavity and sample that would be needed to place them
alternately in the line of sight. This relative simplification of the
mechanical elements of the system is at the expense of great sersitiv-
ity to the alignment of the tilting mirror. The tilting mirror must
effect coincidence of the positions of the two images on the monochro-
mator inlet slits, such that the optical paths within the monochromator
are identical. At the present time it is not completely clear that the
mechanical advantage of the tilting mirror system over one involving
mechanical exchange of cavity and sample position is a sufficient one
when it is compared to the disadvantage of the difficulty of optical
aligonment. This alignment is made more difficult because the off axis
spherical mirror produces focal lines at the diaphragm location to
make imaging difficult, After the beam leaves the chopper it is focused
on the inlet slits of the monochromator by a set of mirrors which im-
prove the situation and give a definite focus at the inlet slits.

in operation, with energy arising at the cavity ultimately reach-
ing the thermocouplz detector, the amplified and rectified detector out-
put is:

Sq7 K lEa- Ec]

vhere E; is the monocaromatic emissive power of the cavity, E£. that

due to the temperature of the chopper, and the constant K depends on
path absorption, slit width, optical gain of the system and electrical
gein of the amplifier. When the sight is on the sample, with the same
mechanical and electrical settings on the monochromator, the response

is:
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S,=K[eE,+ v G,-E.] 5.0.2

Now the irradiation, C;,, , of the sample from the surroundings
is substantially from regions at temperature Te , so that with small
error, Ge can be set equal to Ec , to give for the ratio of ihe
response magnitudes:

E.-E
S = € =3_L¢ 5.0.3
SI/S(\ EK-Ec

In operation, the temperatures of the cavity, Tn , and of the
sample, T , are set ciose together but they must $till be known
with good accuracy. This latter requirement is easily visualized by
considering a situation in which there actually exists an error AT in
the sample temperature. We cbtain from Equation 5.0.3

i

and for short wavelengths this gives approximately:

LE . _ C, AT
€ - A T

This error is large at short wavelengchs and it diminisl.us as the
wavelength increases. Typically, at 13400F, an error of 20°F in the
sample temperature produces an error, 4€/z of 16% at 1 micron, 5% &t
3 microns, and 1.6% at 10 microns. Wheun the spectral emittance values
are integrated to obtain the total emittance an error of 4.5% will
exis¢ in the result due to the varying error with wavelength, 1In a
total emittaace measurement made at the same temperature as is used
for the spectral, and with the same temperature measurement error, the
error in the result would also be 4,5%.

It is the error in the measurement of surface temperature, which
cannot be appraised easily, that introduces the major error into the
spectral emittance results,
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Figure 16 shows some of the initial values obtaimed iam the range
1 to 15 microns. The measured emittances are shown as (I—€) , so
that they can be compared directly with the results for the spectral
reflectance. Since the emittances were obtained with sample tempera-
tures of the order of 1400°F, they ought to be compared to reflectances
measured at similar temperatures. Figure 16 shows, however, reflect-
ances measured with a cold sample, as representative of values of
greatest assurance, with the realization that the reflectances at high-
er temperatures are iadeed slightly different.

The emittances for Inconel correspond well with the reflectances
in the range 1<A<7, althcugh there are some differences in detail,
From 7 < A< 1%, sowever, the emittancse values fail to reflect the min-
imum which occurs in the reflectance curve, so that on thc xsflectance
scale the values differ by 50%. This may ia part be due to a difference
in samples, though the emittance sample, while different, had about the
same thermal history as did the sample from which the reflectance was
determined.

The results for HS25 show good correspondence but the agreement
is tempered by the effect of difficulties in temperature measurement
on this sample. Thermocouples attached to the front and the back in-
dicated temperatures differing by 50°F, and the average of these tem-
peratures was used as the basis of emittance evaluation. This serious
difference was apparently due to poor welds and the consequent thermal
resistance at the contact joint., Because of the doubt concerning the
actual temperature, the differences between the results for retlectance
and emittance in the region A< 5 may be due to a small error in the
temperature estimate.

For M252 there is again fair agreement between the measured emit-
tances and the reflectance results, except at the extremes of the
range of wavelengths. At low wavelengths this is doubtless due to
error in the temperature measurement, and an "adjusted" curve shows
the result of postulating a sample temperature 12°F higher than the
measured value. This is a dramatic illustration of the sensitivity ot
the results at low wavelengths to errors in the temperature. But the
possible 120F deviation is really unsupporiable in the case of this
particular set of results, for which the indication of the thermocou~-
pées at the front and at the back of the sample difiered by less than
29F.

¥ADD TR 60-370 23




6.0 ROUGHNESS

In the expectation that the roughmness of the surface might have
an important influence on its reflectance, the roughness of the sur-
face of most of the samples was determined by means of a Talysurf
Model 3 Surface Measuring Instrument. This is a stylus device wiih
an effective tip dimension of 2.5 microms, which by the manufacturer's
specification should portray crests spsced 5 microns and more apart.
Obviously, the true depth might not be reproduced due to the limited
entry of the stylus, the complete dimensions of which are unknown.

The response of the stylus is portrayed on a linear chart, with 4 hor-
izontal reproduction of 254 microns per inch of chart ard a variable
vertical reproduction from 0.5 to 25 microms per inch of chart., For
the samples examined, this latter ratio was commnnly either 5 ovr 12.5.
This large ratii. ¢of vertical to horizontal produces a r2cord that ex-
aggerates the roughness effect; this is shown in Figure 17 b; 4 typi-
cal chart and its interpretation in which equal measurec of horizoental
and vertical distances are used. This transforms the irregular appear-

ance of the record obtained from the instrument chart to anundulating
curve.,

No satisfactory specificatiocn has been found for the nature of
the roughness. What has been done in most of the results is to specify
the height of the fine structure and to indicate also the height of the
greater variations in profile which occur with a much lower frequency,
characterizing the latter by the linear distance between tlhe large var-
iations, Another specification that may be of significance is the total
line length in the true coordinates, as this would indicate selectively
the increase in surface area produced by the roughness. This involves
a tedious calculation from the Talysurf record and was not done exten-
sively. For the boron carbide coating, the increase of line length
was only 2%, a result obvious from observation of the true profile in
Figure 17. This implies, at least, that the surface area is not great-
ly magnified by the roughness and that any variation in the reflectance
which might depend on the roughness effect would not do so through an
increase in surface area alone.

Any survey of the effect of roughness on the radiation properties
as they are presented in Section 13 for the various samples is limited
by the uniqueness of the roughness for esch sample and the lack of re-
flectance values for varying roughness for any particular sample,
Moreover, most of the samples possessed 8 low reflectance due primarily
to the dielectric properties of the coatings and less to the particular
nature of the surfaces. Only with polished metals was there evident a
pronounced effect, and withir the time available for experimental work,
this was observed only in the range from 0.7 to 2.7 microns. These
results are not presented specifically, although they appear in part
in Section 10, where the results tor copper show a 10% reduction in
reflectance due to a considerable increase in rcughness., For bakelite,
on the other hand, an increase of roughness produced no significant
change from the already low retlectance of the polished material.
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7.0 CHARACTERISTICS OF SELECTED MATERIALS

A primary objective of the research was the determination of the
thermal radiation properties of a number of materials, the majority
of which were furnished by WADD., Spectral and total radiation pro-
perties are involved, and it is important that these be compared, for
there are uncevtainties in each of the individual measurements which,
through comparison, can be better appraised and which in aggregate can
lead to a preferred evaluation of the properties of individual mat-
erials. Table I lists the materials, indicates the character of the
resulis obtained for each, and specifies the locatiocn of the detailed
results for each sample, as these are located in Sectigcu 13.

7.1 Nature thzgg Results

The results for each of the samples a~e given in a stsandard form;
this section contains the list of the items used in that form with
cemmen$s pertinent to each.

1. Material - Specification or WADD Number

2. Initial Treatment - Done after receipt of sample, Prior
treatment, 1f specified, given in "Material" item.

3. Roughness - Talysurf indication (Section 6.0) expressed
as the height of the fine structure together with a
height and spacing for the longer irregularities,

4. BSpectral Reflectance - These reflectances are those ob-
talned from the heated cavity, being I , Equation 2.1.6
with w=7°, for cold operation according to Equation
3.1.4 and for hot operation according to Equation 3.1.5,
for the range 1 to 25 microns. In the range 0.3 to 2.5
microns the reflectance is I, , Equation 2.1.3, g:=4,
as obtained from the Beckman DK2 reflectometer, with
cold sample. These are distinguished by the separate
line designations o cold; = - l’;, , hot;
cereeesie “..r; , DK2.

The reflectances are presented graphjcally on an
arbitrary abscissa scale which tends to give propor-
tional weights to the reflectances when they are used for
emittance calculation at high and low temperatures. Part
of the data is repeated on a larger scale for 0 to 2.5
microns to aid in calculations of solar absorptance.

5. Total Normal Emittance
Measured - These are total normal emittances €1 ,
obtained fram the electrically heated stand, Section 4.1,
and the gas heated stand, Section 4.2, calculated from
Equation 4.0.1. The results are shown as points on a
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curve of emittance as a function of temperature.

The designations are: p , rising temperature;
4 , decreasing temperature; both from the

electrically heated unit and © , gas heating.

Predicted - Normal tctal emittances, €, ,
have been predicted from the measured spectral
reflectances, I3 , from the heated cavity results
for 1 <A <25 and t3 from the Beckman results
for A< 1 micron., As indicated in Section 2.2,
the use ox l; in this sense is correct while the
use of I, presumes that Ys;+{3 . More iaportant
ie the implication contained in Seciionm &.3 that
the Beckman results may give reflectances that a..

a little too low, but in the total emittance cal-
culations those values arc used only for A < 1 and
there is little energy in this region for T < 3000°F.
Finally, for poor reflectors, the error in the emit~-
tance, (/-r) , is not very great. Spectral re-
flectances chosen in this way were theu integrated
to obtain the total emittance:

o AitaA;
/ ~ et > F
e-te [0-nEdd = ,T,ér!EdA

Scales such as shown on Figure 18 were_ then A+exi
constructed for twenty equal increments of [%.Tﬂ J‘_Ecahl
The average reflectance F is an average with res-
pect to energy, but in using an overlay such as
shown on Figure 18 in connection with the plot of
spectral reflectance results, averages were actually
taken with respect to wavelength, Most of the sub-
divisions are small and the variation of reflectance
in them is small; so the error is negligible. There is
an error in the increment at highest waveiength, but
since this encompasses at most only a twentisth of the

total energy, the error is fractional gerg also.
RLLD

Th2 total reflectance [’/r“r‘]%“_"'l EdA

is_obviously then the average of e f%enty cverages,

P , selected for the wavelength increments of
Figure 18. Emittances so obtained are shown graphically
on the Figure which contains the measured values of
total emitvance, for both the "cold" reflectiance and

the reflectance measured at elevated temperature,
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6. Solar Absorptances - For certain sauplss the solar
absorptance hLas been calculated from the spectral
reflectance data and the solar irradiatior for zero
air mas? goutside the atmosphere} as given by
Johnson(8), The method of calculaticn is the same
as that specified for the total emittance values
and Figure 12 shows also the wavelength subdivisions
used for the calculation of the abserptances. Figure
19 also contains the wavelength subdivisions for
twenty equal energy increments for solar irradiation at
sea level (air mass 2) as presented by Jobnson.

7. Spe=tral Emittance - The spzatral emittance cystem
became operative so late in the program that the
results so far obtained m:st be rsgarded as prelimi-
nary. YFor this reason, only a few results for spectral
emittance are contained in Section 5, where the system
is briefly described and the technique of its use is
indicated.
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8.0 TOTAL EMITTANCE AND THE SPECTRAL REFLECTANCE RESULTS

A primary use of the spectral reflectance results is in the pre-
diction of the total emittance though they are obviously also essen-
tial in other applications such as the evaluation of radiant energy
interchange between non-grey surfaces. It has been indicated in Sec-
tion 7.1 that the reflectances measured in the cavity system should
lead directly to values of the total rormal emittance and that those
from the integrating sphere systems should without much error be us-
able for such a calculation, provided that tieir influence is mini-
mized by making that prediction for temperature levels lass than
3000°F, Such predictions of the emittance have bzen maue tor all of
the samples for which spectral reflectance resuits were obtained. In
‘e preseni contexi this evaiuation is of the greatest intcrost for
those samples for which results were also obtainred for the tutal nor-
mal emittance, since the comparison of measured and predicted values

then demcustrates the degree to which the expected correspondence is
obtained.

In general, the measured values of the total normal emittan<s ex-
ceed the predicted values., This is shown in detaii in the presentation
of results far each sample, and is summarized in Table 2, in which the
experimental values are estimated from the trend of the results if an
experimental value was not obtained for the particular temperature
shown in the table. The predictions shown there are made from reflec-
tance data obtained with a cold sample.

Table 2
Material Temperature OF Measured Predicted
Rene 41 800 .79 .78
1500 .845 .82
Boron Carbide 800 .93 .89
1500 .96 .91
PRF5 800 .90 .84
1500 .91 .84
Ch dipped in 800 .83 .80
Al-Si 1500 .85 .82
Inconel 800 .69 .68
1500 .75 .73
M 252 800 .78 77
1500 .83 .80
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The evidence shows the measured value to generally exceed the
predicted one; the difference can be attributed to errors of measure-
ment and to the possibility that the spectral reflectance at elevated
temperatures differs from that which was measured at low temperaiures,
This latter effect does exist for metais, but its nature for non-
conductors remains ambiguous and the reflectances measured at high
temperature, with the air cooled sample holder, do not give definitive
evidence in this regard. Thouse results, for a temperature of the order
of 1000°F, are shown in the results section. They usually in<dicate a
reflectance greater than that obtained with a cold sample, Emittances
calculated from these reflectances would then be below the prediction
of the Table 1» increase the dicparity wilh the experimental results.
This diiferen~e varies with the particular saapie, and sone ol the dii-
ference betwzen the ''cold" and "hot" spectral reflectances r..y indeed
be due to errors associated with the determination of the surface tem-
perature, as indicated in Section 3.1, These are such as to always
make the apparent reflectance greater than the true value, with a
consequent prediction of lower emittance from the "hot" reflectance
data. While this rationalizes the difference, nc such adjustment will
make ths spectral raflectance results for the hot sample coincide with
those of the cold sample. This is illustrated for two samples in Fig-
ure 20, which shows the "hot" and "cold" reflactance data for Rene 41,
together with the "hot" results that would be obtained for a surface
tempzrature 20°F in excess of that measured at the back of the sample.
A similar preseptation is made for the boron carbide, the temperature
change in the rcsults for {hs hot sample being 40°F. These increases
in the temperature of the sample, above what was measured, were chosen
rather arbitrarily, to bring the values of the reflectance obtained
with the hot sample into closer coincidence with those reflectanmces
obtained with the cold sample. For the boron carbide coating at least,
there is reality in this appraisal. Considering the thickness of the
coating, together with an arbitrarily assumed thermal conductivity of
1 Btu/ hr.ft.%F, there is expected a temperature drop of 18°F through
the cavity, under the operating conditions in which the hot reflect-
ance results were obtained.

As indicated by Figure 20, the ef{fect of temperature changes is
primarily in the long wavelengths and the results at short wavelengths
are almost unaltered. Thus, therxe remains a definite indication of
some change in the reflectance as the surface temperature is increased,

of such nature as to increase slightly the difference between the meas-
ured and predicted values of the emittance.

In considering the differences that exist between thka predicted
and the measured values of the emittance it is important to .'ecognize
that they differ only on the order of 5%, and that this difrerence is
increased only slightly if the "hot" wva2lues of the reflectance are used
in the calculations, This represents rather good agreement, 2specially
in consideration of the possible errors that exist in the results for

the total emittance and which tend to produce high values in that meas-~
urement.
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The specification of the total normal emittance either from
measurement or by calculation from the normal spectral reflectances
ieaves yet to bhe attained the value of the total hemispherical emit-

knowledge of the geometrical distribution of the radiation. Diremct
measurements were not made in this program, they involve systems of
the calorimetric type in which the total radiation leaving the sample
surface in all directions is weasured. Hence the total hemispherical
emittance may be obtained from the present results only on the assump-
tion that the ratioc of the BsmiSpherical to the normal emittsace is
praciically unity, Eckert( indicates this to be a fair approxima-
iion, except for specular surfaces of low emittanca, Alsc, monochro-

matic results for the absorptance, given in Sectiion 10, support such
an assumptic:.,
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9.0 COMPARISON WITH OTHER RESULTS

It is significant to compare the results of this report with those
of others, for similar materials, thati have been obtained with diifer-
ing experimental arrangements. One possible result of such a compari-
son is an evaluation of the effects of uncertainties in measurement and
method of calcula tion. Comparisons, unfortunately, are themselves not
ahsolute, for there is ample evidence of change in the surfaces of mat-
erials which experience different environmental histories and ine con-
sequent change of their radistion properties. 1In additiomn, for the
mazterials reported on herein there exists only a mezger amount of al-
ternate data. It is significant, howevcr, that in these cases there
is a fair meas.:re of correspondence beitween the resulis prosented here
and those available from other measurements.

Spectral emittance results have bLaeen presented by Harrison et. al{®
for oxidized Inconel; they reveal an insensitivity to sample tempera-
ture for A > 8 and a proncunced temperature etfect for A< 7, Figure
21 shows these emittance results represented as refiectances, and con-
tains also the present results for the "cold" reflectance as they are
given on page 94. Fair correspondence is revealed in the region from
1 to 7 microns between the low temperature (945°F) emittance data and
the reflectance data. For A> 3, however, the NBS data is consistently
lower than the measured reflectances, and the difference becomes large
at A > 7 microns. There is a suspicion that this may indicate a heav-
ier oxide coating on the NBS specimen, but nothing definite can be said
in this regard.

Total emittance values are aiso presented for Inconel on Figure
21, which is like that of page 95 except that additional comparative
results are included, Two of these are predicted values from earlier
measurements made ?n different samples in the heated cavity system, as
reported by Etemad{10), These show magnitude agreement with the pre-
sent total emittance values because lower spectral reflectances were
indicated for these samples. Values predizted from the NBS emittance
data are also indicated and these differ markedly from the other pre-
dictions by their altered dependence on temperature,

Total emittance results are given by Clayton 2and Evans(ll) for
Rene 41, HS25, and M252 and these are compared in Figure 22 to the pren-
ent results for these materials, There is a correspondence in magnitude
in the results, particularly for the René 41 and for the HS25.

By taking a mean line through the results indicated by Clayton,
these results exceed the present results found for the René 41 by 12%
at 500°F, and are practically identical at 1700°F where, in fact, the
present results show a scatter of over 5%. Only a single point is
available for the HS25, at 1600°F, and this is identical to the present
results at that temperature.
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The greatest deviation exists in the results for M252, although
there is evidence that the sample tested by Clayton was oxidized to
a greater degree, The present emittances are 18% lower and confidence
in their magnitude is inspired by their position, clese tc the pre-
diction made from the reflectance results,

In appraising the results obtained by Clayton, it is important
to note that these were obtained in reference to the emittance of a
boron carbide coating, for which the emittance was assumed to be 0.98,
The present results for boron carbide coatings, contained on page97
are ot interest in this connection. These reveal that while the emit-
tance is actually of the magnitude used by Clavton, it may well be
slightly less and it does indicate some variakility vwith temperature.
On this score, the results inferred with boron carbige as 3 reference
may well be high, and this effect wnuld be greater at the l.wer tem-
peratures.
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10.0 ANGULAR DEPENDENCE OF THE ABSORPTANCE

Measurements with the integrating sphere described in Section

3.3 produced values of the reflectance, Yy , for varying angles,

@ , of incident radiation. These are more useful when con-
verted to angular absorptance olg= |—-Iy ; absorptance as &
function of angle of incidence becomes important when point radia-
tion sources are involved, as exemplified by the solar irradiation
of a satellite or space vehicle. The angle of incidence between
the sun’'s rays and normal to the satellite surface has a strong in-
fluewce on the amount of energy it reflects and absorbs.

It is important to pote again that angular awsouptance is re-
lated to angular emittance only for a compleiely specular suriace.
Yor such a surface it would be possible, given Vg , tc 7etermine
the angular emittance. This relatior will not hold for surfaces
with both specular and diffuse reflecting characteristics; the
spherz does net directly indicate the specularity of the surface.

Figure 23 presents results at 1.2 microns for polished samples
which were specular, or approximately so. In the range 41° tc 549,
as mentioned on Section 3.3, the sphere produced results which were
multiplied by some fraction of the wall reflectance. When the
first reflection was completely shielded from the detector by the
sample holder, at 45° incidence, the multiplication was by the wall
reflectance itself. This reflectance was determined from a sample
coated with a similar thickness of MgO and the results at 459 in
Figure 23 were corrected for this effect, to orient a broken line
indicative of appropriate values in the region of uncertainty.
Other curves show the prediction from electromagnetic theory for
pure copper and for a dielectric of index of refraction equal to
2.0 .  The experimental curve for copper agrees with theory in
magnitude, but contains variations in detail; there are secondary
effects believed to be associated with the movement of the specu-
lar first reflection around the sphere wall. These gave rise to
increasing reflectance from 0 to 20 degrees, and a decrease beyond
60 degree incidence. The results for =mmooth bakelite show the 45°
dip, but all other effects are masked by the low reflectance of
this material. Good correspondence is irndicated with respect to
the prediction for a dielectric from electromagnetic theory.

Figure 24 presents results for roughened specular reflectors.
The copper sample was roughened by a grid of grooves of 45° open-
ing angle, 0,005 inches (127 microns) deep; the surface created is
an array of pyramids., The 24ST aluminum and bakelite samples were
roughened with sandpaper, the scratches all ruvponing parallel. The
average spacing and depth of the coarse grooves is given, as is
the peak to peak depth of the fine structure, as measured with the
Talysurf Profilometer; all readings follow in microns:
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Coarse Structure 24ST Aluminum Bakelite
Peak to Peak Depth 6.35 3
Spacing 34 %4

Fine Structure

()
—

Peai to Peak Depin

The reflectance of the copper has bezn reduced by the roughen-
ing and by the diffuse character ol the reflecticn produced by the
rough surface., The minimum at 45° fcund in the specular surface
results has heen eliminated, The form of the reflectance curve re-~
mains similar to that predicted for a smooth copper surfsce, but at
reduced magnitude, The aluminum sample, grooved in only one dir-
ection, still has a significant spccular component, as evidenced by
the 35° minimum. Roughness has flattened out the curve, and lowered
it approximately 10% in comparison with the polished sample. The
bakelite data corresponds closely with polished sample results,

Only the decrease due to the specular component of the polished sam-
ple distinguishes one sample from the other. It appears that the
only effect of surface roughness, other than masking the specular
spot error inherent in the sphere, is to lower the magnitude of the
reflectance, The shapes of the curves remain the same, except at
very high (809+) angles of incidence. The few modes of roughness
studied indicate no strong aggregate effect on directional distri-
bution., It appears most surfaces found in nature will comform to
this observation.

Figure 25 presents some additional results for the dependence
of reflectance on the angle of incidence for other samples, for
which additional radiation properties have been determined, as
specified in Section 7.

The information on the absorptance as a Zunction of angie of
incidence makes possible the evaluation of the ratio of the ab-
sorptance for hemispherical irradiation to that for normal irradia-
tion, a ratio that is sometimes quoted as an appraisal of the de-
parture from a constant absorptance with angle, which of course
would make the ratio unity. It can be evaluated analytically for
smooth surfaces from the reflectances specified from electromag-~
netic theory and of course for those surfaces it also is the ratio
of the total emittance to that in the normal direction. This fol-
lows since €u=I-I, and for specular surfaces I= . This
predicted ratio_is often presanted as a function of the normal
value; Eckert 2) has compared his measurements of emittance to such
a prediction, to show that even relatively non-specular surfaces
yield ratios of the osder of magnitude that are predicted for
specular surfaces.
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For all smooth surfaces the predicted absorptance is almost
invariant for angles of up to 50° with the normal. Dielectrics,
which generally are poor reflectors, experience an increase in re-
flectance beyond these angles, an increase which becomes large after
60°, Thus, the ratio of the normal to the hemispherical absorptance
may turn out to be slightly less than unity. Metals indicate a less
variable reflectance, which does, however, diminish signifZicantly
only at about 809, with a return to higher reflectances at grazing
angles. The decrease is enough to make the hemispherical absorptance
exceed the normal value. The rough surfaces that were exami.ed act-
ually show a somewhat similar behavior, though of different magni-
tude; Table 3 contains the experimental values of the ra2fio /4,
obtained from these measurements. The predicted values for smooth
surfaces bharipg the same normal absorptance z2:e cowfained in the
Table as (ﬁﬂﬂi.) and similarity with the experimental vv._.ues is
indicated. T

TABLE 3

p %

o, Vo (F)r

Grooved Copper 1.2 0.18 0.94 1.15
1.8 0.09 1.10 1.23
Alclad Absorber 1.2 0.620 0.94 1.00
1.8 0.27 1.03 1,08
Oxidized Inconel 1.2 0.81 0.97 0.96
1.8 0,76 0.93 0.97
Chromate on Inconel 1.2 0.95 0.97 0.95
1.8 0.93 0.97 0.95
M252 1.2 0.86 0.96 0.95
1.8 0.84 0,96 0.95
F120 1.2 0.50 1.6 1.04
1.8 0.66 0.96 1.00
CTL37-3x 1,2 0.62 0,95 1.01
1.8 0.78 0.89 0.97
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11,0 PLASTIC SAMPLES

There has been a prior indication in Section 4 of the impedi-
mant on the methods of measurement described there that is imposed
by high thermal resistance within the specimen., When either sample
heating or cooling is involved and when the suriuce temperature
must be known, the effect of high thermal reslstance is to increase
the uncertainty in the determined sample temperature. All the plas-
tic samples fall into this categovy becsuse of their low thermal
conductivity. Because of this uncertainty the techniques that were
used zad the results that were obtained are discussed separately in
this section.

11,1 Total Emictance

The back heated stand of the type discussed in Scction 4.1 is
fundamentally inappropriate for plastic samples because of the large
temperature drop produced across the sample, For a typical plastic,
Astrolite, this drop was of the order of 32°F when the surface tem-
perature was 400°F. To determine surface temperatures under these
conditions, with a gradient of the order of 2560F/inch, a primery
attempt involved the placement of 40 gage thermocouples in fine slots
cut into the back of the specimen, with the slots then filled with
Sauereisen cement. The effective locations of the couples were then
to be determined from a thermal conductivity test at room tempera-
ture, with the indication of the thermocouples at elevated tempera-
tures to be extrapolated to give surface temperature, on the poor
assumption of invariance of the conductances with temperature. At~
tempts at this method were not encouraging, the positioning of the
couples was poor and the accuracy of temperature determination re-
quired in the thermal conductivity tests was not achieved,

As an alternate, a fine groove approximately 0,005" x 0,005"
was cut into the front and back surfaces, and 40 gage thermocouples
placed in the groove. A radiation balance predicts that such an
installation will indicate a temperatu.’e considerably below the tem-
perature of the surface, but apparently the indication is improved
by actual contact between the wire and the surface. This conjecture
was supported by the observation, made at low surface temperature,
that the introduction of adhesive into the gr ocove in the region of
the thermocouple junction did not change the apparent emittance
values. ¥ith this method, total emittances were determined for a
few of the high temperature plastics, Astrolite,CTL37-9X, and F120,
using the electrically heated stand, with the results evaluated from
Equation 4,0.1,

11.2 Spectral Reflectance

Spectral reflectance data were obta,ned for all plzstic sam-
ples in the Beckman reflectometer, with the results as given in
Figures 26 to 31. These are the ratios of the sample reflectance
to that of MgO. To obtaia aciual reflectances the values of tie
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ratio given on Figures 26 to 31 must be multiplied by the reflec-
tance of the MgO as given in Figure 8, 'This routine determination
involved no heat transfer through the sample and consequently the
thermal resistance of the material produced no problem,

To obtain some results at the longer wavelengths a few of the
plastic samples were tested in the heated cavity, using the water
cooled sample holder. In inis unit the irradiation is intense, the
flux to the cooling water is large, and because of the high thermal
resictance of the plastics there is consequently a large difserence
in temperature between that of the irradiated surfacz and that on
the cooled side, Since the surface temperature was iarge enough to
significantly affect the system respounse in the way described in
Section 3.1 for the air cooled sample holder, the results were re-
duced according to Equation 3.1.5, with an assumed tempera.ure for
the sample surface. By adjustment of this temperature there could
be optzined a reflectance distribuction which on integration would
yield an emittance comparable to what was measured. This dces not
belie the inaccuracy of the latter value but merely establishes a
consistent reflectance curve. The final appraisal then involves
the comparison of the estimated surface temperature, the thermal
conductivity of the plastic weasured at room temperature, its dimen-
sions, and the estimated heat flux, For example, for the spectral
retflectance results for Astrolite that are shown on page 00 the esti-
mated surface temperature is 813°F and that of the cold side of the
sample of the order of 80°F. The thermal conductivity was measured
at room temperature as 0.15 Btu/ft.hr.°F and the thickness wus 0.062
inch. This gives a flux of 7800 Btu/ft%-hr., But in terms of this
surface temperature and the e~stimated absorptance for irradiation at
the cavity temperature the flux should have been 16000 Btu/ft#-hr.

This twofold discrepancy points initially to the possible exis-
tence of a higher surface temperature, hut the possibility is lim-
ited, Higher temperatures will produce lower indicated reflectances,
and the values on page 100 are already as low as 0.05. With zero as
a minimum, reference to Figure 5 indici.tes that 1little further in-
crease is possivle for the hypothesized surface temperature. The
discrepancy between the heat fluxes therefore is attributed rather
to a possible increase in the therma2l conductivity with temperature
and to a low extinction coefficieat in the materi&l, in which case
the average conduction path would be less than the sample thickness.

The reflectance curves indicated for the plastics are therefore
viewed with some confidence, and the total emittances obtained from
them are probably satisfactory until major changes in (he nature of
the material occur.

11.3 Translucent Plastic

One sample, WWRCNE-2, was translucent; therefore ine transmit-
tance had to ve derermined und used in the specification of the
spectral reflectance.
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When placed in the optical path ¢f the heated cavity system
at the shutter location, the normal transmittance of the sample
for normal irradiation was found; reference to the incident radia-
tion was made with the sample removed from the optical path., A
transmittance was then determined which was different from the cav-
ity reference reading by surface 1reflections, absorption, and side
scattering. Small changes in sample orientation were possible,
and small changes in the angle of incidence produced no observed
change in transmittance. These results are shown in Section 13
page 108,

Situation of the sample at the inlet port of the integrating
sphere of the DK2 reflectometer provided transmittaics data for
normal incidence on the range 0.3C to 2.7 microns but in this sit-
uation the total transmission was measured by the collection of all
the transmitted energy in the intcgratirz sphere, Ry lcLacing a
total absorption tube at the sample port the direct transmission
could be removed. (This was approximately 10% of the total.)

Reflectance measurements were obtained from the heated cavity
by placing the sample over a metal disc with a flat black surface
held in the water cooled sample holder. Since the surface was not
entirely black, some reflection occurred there to make somewhat un-
certain the interpretation of the measured reflectance., Witk hem-
ispherical irradiation, the irradiation of the black surface ail
the back of the sample is t G,.

The transmittance t is taken as the measured normal trans-
mittance, though this is known to be low. If, for instance, the
transmission is assumed tc be diffuse scattering, then the total
transmittance is T times the normal values. But, where windows
exist such a multiplication is obviously too large. Hence the nor-
mal value is used in the realization that it is too low.

Then the radiosity of the film and back plate combination is

J=nGu* tRG, =[5+ '5%]G, 11.3.1

Thus, the apparent reflectaace is s+ ttvi ; the results were cal-
culated an this basis, with I3 the spectral reflectance of the
black paint. As used, t is certainliy too low and consequently
the cited value of the reflectance of the plastic, ; , is very
slightly low.

When used in the DK2 reflectometer, the backing of the sample
was a long paper tube with a closed end, painted inside with flat
black. This was completely black. and for this measurement no

ransmission correction was needed.
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11.4 Reflectance of Plastic Samples at Short Wavelengths

The difficulties associated with the plastic samples, discussed
in Section 11.1 and 11.2, result in a limited number oi results for
the total wavelength range. The limitations of course did not exist
in the integrating sphere devices, with the small irradiation of ths
sample that occurred in them. In particular, because of its automa-
tic features, all the plastic samples were measured in the Beckman
reflectometer in the spectral range from 0.3 to 2.5 microns. This
range covers most of the solar spectrum sc¢ that these results are
sufficient for the appraisal of solar absorptance.

Figures 26 through 31 present the diroct Beckman results, as
the ratio of t»e sample reflectance to that of MyC, as obtained for
the plastic samples. In the Beckuan unit, as described in 8¢ -Zion
3.2, the detector is irradiated by the firsi reflection from the
sample and the consequent dependence on the geometric nature of the
reflection is important if the reflection is not isotropic. It was
non-isotropic for a number of these sample and different results
were obtained if the sample was rotated in the holder. In such cases
the quotations on Figures 26 through 31 are tiie mean of the maximum
and minimum reflectances obtained by changing the sample position.

Solar absorptances were calculated from the results of Figures
26 through 31 for zero air mass as indicated in Sect'on 7, except

that the reflectance of the Mg0 was accounted for by preparing an
overlay for twenly equal increments of the quantity

A+AA

o G dd

A

In this way the tctal absorptance for normal irradiation was ob-
tained as

r Ata2
d=l~r=l—2(m)£m,oGéA 11.4.1

These values are given on Figures 26 through 31.
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12,0 SUMMARY AND CONCLUSIONS

The thermal radiation properties of 20 materials are given
in Section 13, basically as the total normal emittance and the
spectral reflectance. 1In some cases the former is more dubious
or is omitted, because of difficulties in thermocouple attachment
or of appraisal of the indicated value. This is particularly true
of the plastic samples where the large temperature variation through
the sample led to difficulty in the measurement of the total emit-
tance and in the appraisal of the spectral reflectance results, as
discussed in Section 11.

Other than to note that the majority of the materials; vere poor
reflectors, no generalization is possible ‘or the propertics them-
selves, and the remainder of this summary is directed toward the
nethods of measurement.

The values of total normal emittance were determined from back
heated samples by the methods discussed in Section 4. On the elec-
trically heated system, used to temperatures of 17009F, reproduci-
bility of results was within 2% while on the gas heated unit, used
up to 2500°F, the greater dependence on environmental conditionms,
increased this to 5%. The greatest source of absolute error is in
the evaluation of the surface temperature from the thermocouple in-
dication, for on some samples th- re is apparently appreciable con-
tact resistance at the weld of the thermocouple to the oxidized or
coated metal, The position of thermocouple attachment was such as
to always make the measured emittance too high, and the general
appraisal makes the excess no more than 5% of the actual value,
However, in any particular measurement there is no absolute check
on the uncertainty.

The spectral reflectance readings obtained with the cold sam-
ples in the heated cavity systems are subject to the minimal error
of any of the major property determinations made and reported here.
Since the prediction of the total normal emittance from reflectance
values for temperatures at which such determinations were made in-
volves essentially only the spectral rauge covered by that appara-
tus, those predictions are viewed with some confidence and indeed
form a basis for the appraisal of the error in the measured total
emittance.

An important question associated with the prediction of total
emittance from the measured reflectance concerns the degree of tem-
perature dependence of the reflectance itself, This dependance does
of course exist for conductors, and it may for dielectrics if there
is an alteration ot the nature of the material or of its surface,
as perhaps in thermal expansion., However, in any such change, pro-
gressive change as by oxidation, is not considered., Particularly
when the dielectric is a surtface on a metallic substrate, some tem-
perature effect might occur, and to examine this question
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reflectances were measured at elevated temperatures in the way
described in Section 3.2. The procedure of necessity reduced the
accuracy of the measured reflectance and made it acutely dependent
on the measured sample temperature in part of the spectral range.
These reflectances were always higher than those measured cold and
the present view associates the excess with errors in the deter-
mination of the temperatures of the sample. But such corrections
do not make the "hot" and "cold" reflectors coincide and thzre may
still be some change of reflectance with temperature, which for
the poor reflectors that were examined cannot be specified concretely
because of the poor accuracy of the "hot" determimation.

Spacissl emittance values, determined of course with a hot
sample should be more definitive in respect to the temper.“ire
dependence of the spactral valuses. Thesu spectral emittances were
only determined in a preliminary way, as described in Section 5.0
and a definite appraisal cannot yet be made. For one of the sam-
ples heated there were serious difficulties with contact resistance
at the thermoccuple weld, and the surface temperatures were uncer-
tain, for the others, the best comparison was with the "cold” rather
then with the "hot" reflectance values. This leads to the inference
that for these samples at least, there was no significant temperature
dependence of the spectral values and that in consequence the total
emittance is best obtained from the "cold" reflectance results,

Reflectance values for "cold" sample3 were obtained in the
spectral range 0.5<A<2.5 by the integrating sphere devices de-
scribed in Section 3 and these reflectances are associated with the
reflectances measured by the heated cavity system even though their
true relation is still somewhat uncertain. Difficulty was exper-
ienced in relating the reflectances measured by the two spheres to
each other and to the results from the cavity. Section 3.3 con-
tains results which to some extent indicate that values from the
Beckman unit may be slightly low. For the prediction of emittance
at temperatures below 3000°F there is but a small amount of energy
at wavelengths less than 1 micron and there differences are of minor
importance. For the evaluation of the values of absorptance for
solar energy the need for appropriate reflectance in the spectral
range 0.25<A<2,5 microns is acute, and the guestion is then more
important.

Absorptance as a function of angle of incidence was obtained
with the variable angle sphere described in Section 3.3 ; these
results are important in relation to problems involving the absorp-
tion of solar energy. These alone,of the present measurements,gave
at least an indication of the relation of. normal to hemispherical
properties, and indicated that for most of the samples tested the
normal values are eusily within 5% of the hemispherical valnes,
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13.0 RESULTS FOR THE VARIOUS SAMPLES

Results for each of the samples, indicated in Table I, are
presented in the form outlined in Section 7.1.
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Material: Chromateon mild steel

2, Initial Treatment: None, all tests made after at least 3 hours
at 1700°F,
3. Roughness: Fine structure 2.5 microns. Coarse structure 12
microns at intervals of about 300 microns.
4, Spectral Reflectance: Hot reflectance iudicated to be .05
above cold reflectance except at long wavelengths.
5. Total Neormal Emittance: (Predicted only)
1.0 |
—_____—-‘
=]
/——"—-—
/ I
//
0.8 —
' ,//
007 o]
400 800 1200 1600 2000 F
See page 73 for correspondence between this and other chromate
coatings.
6. Solar Absorptance: Integrated from spectral results, 0,94.
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Spectral Reflectance of Chromate on: 30% stainless
stainless steel, mild steel, and inconel.

steel, 42y

The Figure on page 72 demonstrates the correspondence between
the four chromate coatings. The spectral reflectance results for
the four chromate coated samples, measured cold, were found to fol-

low substantially the same general curve throughout

the spectral

range investigated witk the exception of chromate on Inconel., The

resulis for the chromate on Incorel show & slightly

reflectance than the other three sanples up :0 a wav

lower value of
elength of ten

microns after which the inconel departs markedly below the values

nf the other =smples.

The reason for the difference in results between incun-® and

the other three sanmples could be due to diiferences
or manner of application of the chromate coating.
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1. Material: Chromate on 302SS

2. Initial Treatment: None; aged as a result of use at high tem-
peratures; 3 hours minimum at 1700°F in air,

3. Roughness: Fine structure 4 microns. Coarse structure 10
As received sam-

microns spaced at about 300 micromns.
ple similar to aged.

4, Spectral Reflectance: Hot reflectance shows only minor varia-

tions from cold value,

5. Total Normal Emittance: (Predicted only)

0.9
o
/—’-—
08 e
‘ —/”‘::;fﬂ' ~
€ //< ~ -
—-/
,w”‘;‘:‘
0.7
0.6 L. ’:"".“ 0
400 800 1200 600 2000 F
6. Solar Absorptancz: Integrated from spectral results, 0.95.
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6.

0.9

0.8 — /H
el -t
1 |

0.7

0.6

Material: Chromate on 420SS

Initial Treatment: Ncne, all tests made after sging in air
for 3 hours at 1700°F,

Roughness: Aged - fine structure sparse and of height 3 mic-
rons. Coarse structure about 15 microns at 200 microns
intervals.

Spectral Reflectance: Hot reflectance results azgut 3 per-
centage points above cold rerlectance for A < 7. Close
courirclation above A =7.

Total Normal Emittance: (Predicted only)

400 800 1200 1600 2000 °F

Solar Absorptance: Integrated from spectral results, 0.93.
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1. Material: Chromate on Inconel

2. Initial Treatment: None, all results taken after 3 hours in

air at 1200°F.

3. Roughness: Fully aged: Tine structure sparse and of 4 mic-

rons. Coarse structure 18 microus at 230 micron in-
tervals., "As received” sample very similar,

4, Spectral Reflectance: Hol reflectance results Q.73 to 0.10

above cold for A < 10, substantial change for A > 10,
1148 sample shows guod agreement beiween K2 and heated
cavity results. This is the chromate coating we..h pro-
duced reflectance data which differed from the other
chromate samples.

5. Total Normal Emittance: (Predicted only)

1.0
0.9 I
3 | -
=
O 8 // L H.
. ’—”,wf"
/// | ) -
0.7 -
400 800 1200 1600 2000 F
6. Solar Absorptance: Integrated from spectral results, 0.95.
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1. Haterial: M252 (SS 4781)

2. Initial Treatment: Cleaned in 1 to 1 water-diluted HF solution
for 1 hour. Oxidized 3 hoursat 1700°F in air.

3. Roughness: As received. Fine structure 2.5 microns amplitude
Fully a2ged: same,

4, Spectral Reflectance: Reflectance at 1000°F within about 0,05
of the reflectance at room temperature at low wavelengths,
DK2 results low, estimate that they shouis be raised to
noincide with cavity resuits,

3. Total Normal Emittance:

0.9

0.8 i G S

o

€ e

0.7

0.6

400 800 1200 1600 2000 °F

Measured valuesto 1600° follow trend of predicted values,
vredicted values low by 4%.

6. Sonlar Absorptance: Integrated from speciral results, 0,90,

7. Spectral Emittance: See page 32 . Angular depeadeuace of
absorptance, see page 55.

WADD TR 60-370 31




SNOYIIN — X

bd ¢c O 8 91 ¥l 21 Ol 82 9 6 v ¢ 2 | G0G0G20
. R T

| | ..

le‘/ ».m./ \\}r/\/n\,../ —t . SR

- e PN N et N " d Pe e _ A

™«
~
~
- . 9
\ -3-47 <7 ¢ N -
g -
,
U /\ D ¢
+
i

Tl
l

0

1111

¢ 0

38201~y CRLERS!

SZ SH 2

82

¥ADD TR 63-370



Material: HS25 (SS8178)

Initial Treatment: Cleaned in 1 to 1 water-diluted HF solu-
tion for 1 hour. Oxidized 3 hours at 1700°F in air.

Roughness: As received: Fine structure 2.5 microns. Coarse
structure 6 microns at 250 micron intervals. Fully
aged: Fine structure same. Coarse structure reduced
to one in 2500 microns.

Spectral Reflectance: Reflectance at 1000°F within 0,05 of
reflectance ai room temperature, except pzar 15 microns;
+“ore un absorption peak did not eipear with high tem-
perature, Cold reflectance run with fully agev _ample
after it was used for total emittance measurement,.

Total Normal Emittance:

1.0
o-
0.9 > -
J1 < N I : H
0.8
4
0.7

400 800 1200 1600 2000 °F

Original sample (WADD delivered) within 3% of prediction from

cold reflectance, hot prediction 5% low. Second sample (received
from Boeing 6/60) shown by solid pcints, indicated lower emittance
up to 1500°F, then increases. Increase verified by repetition.
Results from gas fired stand erratic within 3%, but check higher
magnitude above 1700°F., No refleciance results obtained with
second sample,

6.

7.

Sclar Abcorptance: Iucegrated irom spectral results, 0,90,

Spectral Emittance: 3ee page 32
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1. Material: Rene 41 (SS 8080)

2, Initial Treatmeéent: Cleaned in 1 %*2 1 water-diluted HF solu-
tion for 1 hour oxidized 3 hours at 1700°F in air.

3. Roughness: Fully aged: Fine structure 2 microns high.
Coarse structure 5 microns at 200 micron intervals,

4, Spectral Reflectance: Sample at 10009F .05 higher than at
room temperature, DK2 results should probably be in-
creased by 0,04.

5. Total Normal Emittance:

1.0 [
o
0.9 >
¢ <4 ®
- , 4 —
0.8 A:LL—*‘Ff"‘_ T c;
| ;/Q(/Q/ 171 | "
.-———"‘"’;r—_‘_—-— ‘
- 0.7

400 800 1200 1600 2000 °F

Original sample corresponds well with prediction from cold
reflectance values, Second sample {(solid point, Boeing 6/60)
gives similar values but they become 4% higher at 17000F. Emit-~
tances from gas fired unit vary but agree with other values within
'o. The second sample was used on the gas fired sStand.

G. Solar Absorptance: Integrated from spectral results, 0,89,
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Material: Nb dipped in slurry of Al-Si,

Initial Treatment: (Before delivery) UnalloyedCb aluminized
by Al-Si hot slurry dip at 1700°F for 3 minutes, Dif-
fusion heat treated at 1900°F for 1 hour in a vacuum,
No further treatment betore test,

Roughness: Fine structure - 1 micron. Coarse structire
about 4 microns at 150 micron intervals,

Spectral Reflectance: One cold run taken with this sawple.
Good agreéeement between DK2 and cavity syutem,

Totali Normal Emittance:

1.0

0.7

400 800 1200 1600 2000 °F

Measured total emittance 3% above prediction from cold reflec-
tance results. Substrate would oxidize and thermocouple weld would
separate after about 45 minutes of high temperature operation.

6. Solar Absorptance: Integrated from sphere results, 0.80,
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Material: Nb dipped in slurry of Al-Cr-Si. Unalloyed -
niobium aluminized by Al-Cr-Si hot slurry dip at
17009F for 3 minutes. Diffusion heat treated at 1900°F
for 1 hour in vacuum.

Initial Treatment: None.
Roughness: Fine structure about 1 microa in height. Coarse
structure about 5 micrcns at 100 micron intervals,
Spectral Reflectance: Cold results obtained for sample after
emittance determinations had been made.
Total No:.aai Emittance:
1.0
P>
0.9 I G DN &
//
008 =
0.7

200 800 1200 1600 2000 _ °F

Majority of results 5% above prediction. Experimental results

limited because of difficulty in maintaining thermocouple attach-
ment. Probe thermocouple unsuccessful when tried. See section 8.

6.

Solar Absorptance: Integrated from spectral results, 0,87,
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1, Material: PFRS

2. Initial Treatment:

3. Roughness: Fine structure 1.5 microns. Coarse structure
about 18 microns at 200 micron intervals.

4, Spectral Reflectance: Reflectance data for sample cut from
total emittance sample, after material used for emit-
tance runs. Cold sample oanly.

5. Total Normal Emittance:

1.0
>
< < 9 <
0.9 ~ 5
0.8
0.7

400 800 1200 18600 2000 _ °F

Measured total values exceed the prediction by 6%. Difficulty
was experienced with deterioraticn of sample. Oxidation of sub-
strate occurred, witb visible changes of surface at any place where
coating was punctured as at point of thermocouple location.

6. Solar Absorptance: Integrated from spectral results, 0.83.
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\ 1. Material:

PFR4

2. Taitial Treatment:

| 3. Roughness:

| 4, Spectral Reflectance:

t.0

0.9

0.8

0.7

Only experimental values obtained.
higher temperatures due to progressive penetration of oxide through

Not obtained,

for a determination.

5. Total Normal Emittance:

Surface coating destroyed
in total emittance ‘tests before sample could be obtained

ak
A

A

|

400

800

the surface coating.
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1. Material: 55286

2. Initial Treatment: None
3. Roughness:
4, Spectral Reflectance: Not yet obtained.

S. Total Normal Emittance:

1.0 r

0.9 T4

0.8

X{ -
0 400 800 1200 1600
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1. ‘Material: Inconel

2. Initial Treatment: A number of different samples were involved
and were heated 3 hours at 1700°F in air but their sub-
sequent history differed and the oxide did not appear to
have been exceptionally stable. Two different sauples,
giving different spectral reflectance values, are pre-
sented as examples for that measurément, The data pre-
sented are representative of all samples,

3. Roughness: Fine structure - 1 micron., Coarse siructure about.
2.5 microns at 60 micron intervals,

4, Spectral Reflectance: Results are shown for hot and coil samples.

5. Totai Normal Emittance:

0.9
o) ,
o OlZ)()
08 00 |
. c)() o .
. L HRE AN
S t—
LTy
> M/’H
A 1 S el .
]
Lt |
0.6 =

300 800 1200 1600 2000  °F

Total emittance values were obtained on the electric furnace
and provided values corresponding to predictions made for that sam-
ple with a sample {emperature of 1500°F, Results from the gas
fired unit were made with different samples and indicated much
higher values, as much as 10% above the prediction made from the
reflectance data.

6. Solar Absorptance: Integrated from spectral results, 0,88,
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1, Material:
Sample A: reflectance ssmple, same .&s Sampie B,
Sample B: total emittance sample (obtained at Boeing

6/60) Substrate:
Sample C: Total emittance sample.

Boron Carbide Coating

unknown.

Prepared at UCB

according tc Boeing recipe, usirg their mat-

erials. Substrate:

2. Iaitial Treatment: None.

stainless steel..

3. Roughness: Samples A and B: Fine structure sparse and of

4, Spectral Reflectance:

abot 4 microns height.

Coarse strunture gbout 20 micrius.

Obtained only ith Sample A.

flectance A > 1 somewhat higher than anticipated.
readings, cold, appear to be low and results for inte-~
are also shown as CurveE.
Hot results substantially higher, may be -due to excess

grating sphere, Section 4,

sample temperature. See Section 8.

.Cold re-

DK2

5. Total Normal Emittance: Sample B shows a 5 to 6% higher emit-
tance than the value predicted from the cold reflectance
data. Sample C gave lower results, and evidenced a

ciange in nature at 1300°F to higher values. No further

1.0

0.9

0.8

0.7

6. Solar Abscrptance:

results were obtainable due to failure of sample

on cooling from 16400F; with total separation of
boron carbide from the substrate.

coating
tne

4

«
4
< ~C
| ———k—f' > .
4 Sample B
{ D Sarwple C
400 800 1200 1600 2000 °F

WADD TR 60-370 97

integrated from spectral results, 0..3,




SNCYIIW —X
70 ¢C 0C 8L 9L 9L ZL OL 8L 9 ¢

Y

£

[4

L S§40S0S¢0

-dJ-M. D

-
PPRY R AEELT) —
* -

AL

7’0

g0

80

ATSNy

}
L
J ™™ —...!vecl_

4574 p103-3
Jaqiosqy
1ej0g pRIoTY

SO

Gl

98

WADD TR 60-370




1. Material: Alclad solar absorber
2. Initial Treatment: None.

3. Roughness: As received: Fine structure -~ 0.3 microns. Coarse
structure 1 micron at 25C micron intervals,

4, Spectral Reflectance: Only cold run, taken with sample 28 re-
ceived, is of significance, Sample surface changed with
exposure at higher temperature. Hot result shown is for
sample at 7549F, with zbout 1 hour at this temperature,
Sshstantial discrepancy betweén cavity and Beckman resulic,

5. Total Normal Emittance:

0.6
H
O‘A 8 . ,//*’
€ s
| °
0.0

400 800 1200 1600 2000 °F

Total emittance corresponds well with ''cold" prediction,
6. Solar Absorptance: Integrated from spectral results, 0.90,

Angular dependence of reflectance ~ see page 55
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1, Material: Astrolite

2. Initial Treatment: None.

3. Roughness:

4, Spectral Reflectance: Obtained with 1/16 inch thick sample

in water cooled sampic holder. Estimated surface tem-
perature was 3539F, Ther. is a particularly good check

with values of = 50, Ivom the Beckman refléectometer.
The sample temperature does nov affect the hroatad cavity
values in this spectral region.
5. Total Normal Emittance:
1.0 1

0-9 ‘F\_\

0.8t T ‘ A

01 400 800 1200 1600 2000 °F

The measured values were obtained as indicated in Section 12.1,
At a surface temperature or 903OF the temperature at the back of
the sample was 1281°F and disintegration occurred. The binder
vaporized completely, leaving only the glass cloth.
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1, Material: F120

2, Initial _.eatment: None.

3. Roughness:

4. Spectral Reflectance: The positjon of the durve was chosen
to give a reflectance of G,07 at A = 100 , to indicate
a surface temperature of 787°F, This was done to pro-
duce an integrated reflectance corresponding to the
measured tctal emittance,

5, Total Normal Emittance:

1.0

0.9

01 400 800 1200 1600 2000 °F

The measured value of total normal emittance at 610°F was
important in determining the nature of the reflectance curve.
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1, Material: CTL37-9
2. Inital Treatment: None

3. Roughness:

4. Speciral Refleciance: The pcsition of the curve was chosen
to give a reflectance of 0,10 at A=10p , to indicate
a surface temperature of 7930F,
perature was based upon our assumed value of 7,90 for

This choice of tem-

the total normal emittance at 793°F,

5. Total Normal Emittance:

1.0 .
> P
0.9 R —
~— |

€ N~"”’ﬁ<~.\\

0.8
- 0.7 ,

400 800 1200 1600 2000 °F

Experimental determinations of total normal emittance with
this sample, with values of about (.99 being attained.
value is attributed to the ditficulties in evaluating the surface

temperature of the emittance sample as previously described.
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Material: WWRCNE-2 (Translucent plastic)

Initial Trestment: None.

Roughness: Not measured.

(a)

(b)

Speetral Transmittance

Page 108 shows transmittance results, both normal and
totzl. The total transmittsnce obtained from the inte-
grating sphere (Section 3.3)'is high and the discrepsncy
with regard to the Beckman values has not been resolved.

Spectral Reflectance

Spcetral reflectances have been evalutted as indicated
in Section 11.3, using the results for normal irg. =mit-
tance and the cavity resuits for X > 1.0, For iower
wavelengths the Beckman results are given directly.
There is only fair correspondence in the region of over-
lap, 1.0< A< 2.5 microns.

Solar Absorptance: Spectral absorptance can be calculated:

from the transmittance and reflectance data for normal
incidence and this can be done with confidence for A2.5
microns, where the total tranamittances are known. Using
the solar irradiation values fur zero air mass, there is
found in this way an absorptance of 0,07 for solar irrad-
iation. The spectral absorptances from which this value
was calculated are shown on page 106,
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14,0 NOMENCLATURE

A= Area
C,C= Planckian Constants
clany= E/oT*
E = Black body spectral emissive power
F = Fahrenheit degrees
F= Shape factor for diffuse energy exchange
G= irradiation Btu/hr.ft.2
I= Intensity Btu/hr. ft.2 -~ steradian
K= Directional radiometer constant
R= Reflected energy
S= petector output
T= Absolute temperature °R
V= Radiometer output mv,
W~ Energy rate
r= Spectral reflectance
ol= Normal spectral absorptivity
o~ Hemispherical spectral absorptivity
B = Ratic of emissive powers(Ew-Ee) [(En-£Ec)
r= Ratio of emissive powers(&-£.)/!E.—E.)
A= Incremental difference
€= Spectral emittance
é= Angle between incident beam and normal to sample surface
¥= Polar angle in plare of sample surface
~= Angle between reflected or emitted beam and normal to
sample surface
A= VWavelengths - microns
o= Stefan -~ Boltzmann constant
7= Ratio of diameter to circumference of a circle
.= Solid angle in steradians
Subscripts
8 = Backing plate
C= Chopper blade .
H= Hohlraum ares
O+ Sphere wall
R= Reference area
S~ Sample area
T= Denotes properties on a total basis, not spectrally
o= Ambient conditions
¥ = Average value of reflectance over small oA
€ = Average value of enittance over small a X
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10.

11.
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